In the brain, the diversity of neural elements and their complex interactions give rise to emergent phenomena, including a wide variety of rhythmic oscillatory activity. A hallmark of the brain is that its constituents, excitatory and inhibitory neurons, organize into adaptive and robust circuits facilitating the formation of distinct patterns of electrical activity. The neurons in these circuits must have the ability to sculpt their output to respond to physiological perturbations that reflect inputs from the external milieu as well as to maintain a stable level of activity. Single cell dynamics will propagate throughout the circuit as these dynamics aggregate to represent an integrated system response.
the circuit as these dynamics aggregate to represent an integrated system response.
Here, we show how the effects of a pharmacological paradigm of long-term potentiation (LTP) on neurons within cultured hippocampal networks influence overall network dynamics. We use a grid of extracellular electrodes to study changes in network activity after this perturbation and show that the variability in overall spiking activity decreases after treatment suggesting that the network may be operating in a more regulated state.
In addition we suggest that the observed increase in bursting activity may be a result of the recruitment of "errant" spikes into bursts, facilitating transmission of information flow throughout the neural circuit.
I. INTRODUCTION
Neuronal plasticity is vital for the segregation and integration of cognitive processes including learning and memory. Neurons, and as an extension, the intricate circuitry their networks form, must have the capacity to respond and adapt to external perturbations. This will allow networks of neurons to modulate their activity, which is essential for efficient transmission of information. Complex, nonlinear spatial and temporal interactions between individual neurons lead to emergent global phenomena: perception and cognition. However, the ability of these networks to tune their outputs to respond to a wide range of sensory inputs does not negate the constraint that they maintain a well-regulated state. Excessive network activity may lead to epileptiform activity, whereas insufficient activity may prevent the network from performing necessary functions.
The ability of a neuron within a given circuit to modulate its response to an external perturbation results from the competition between the excitatory and inhibitory connections, i.e., synapses, it forms with other neurons. This competition is mediated by several biochemical mechanisms including changes in intra-and extracellular ionic concentrations as well as time-dependent fluctuations in the concentrations of neurotransmitter released at the synaptic cleft. The output from this competition forms the basis of the spatial and temporal fluctuations in the form of coherent activity patterning and is essential to the generation of viable and dynamically stable neuronal networks. These outputs are also modulated by changes in synaptic structure that can facilitate an increase in the concentration of post-synaptic neurotransmitter receptors.
This type of change has been observed in association with learning and memory as well as the phenomenon of long-term potentiation [1] [2] [3] [4] [5] [6] .
LTP results from the increase in synaptic efficacy between neurons. It can be induced via electrical or chemical stimulation and has been shown to last from several hours to many days [1] [2] [3] [4] [5] [6] . Mechanisms that have been shown to underlie LTP involve increases in dendritic spine size and associated increases in the number of 2-amino-3-(5-methyl-3-oxo-1,2-oxazol-4-yl) propanoic acid (AMPA) receptors [7] [8] [9] . The phenomenon has been well studied between pairs of neurons within the hippocampus, specifically on synapses between the Schaffer collateral axons and apical dendrites of the CA1 pyramidal neurons [10] [11] [12] . This is a common neural region of LTP investigation since LTP is most reliably evoked in brain areas known to play a role in memory and learning [13] . However the impact on network dynamics due to the synaptic modifications modulated by LTP has not been well studied. Elucidating network effects of LTP is important; it is widely believed that the collective activity from neural assemblies contributes to cognition and attention [14] [15] [16] . This, therefore, leads to the hypothesis that synaptic strengthening of the type that occurs with LTP would have a dramatic effect on network activity as a whole. This paper reports on the temporal network activity that arises when a pharmacological paradigm of LTP -chemical LTP -is introduced to cultured hippocampal neurons. Chemical LTP is a method to induce potentiation of neurons without direct synaptic stimulation [17] [18] [19] . When applied to cultured networks, the need for electrical stimulation is eliminated, making it a useful technique to manipulate potentiation in large populations of neurons.
Networks of cultured neurons are a reduced, two-dimensional experimental system that may provide insights into basic dynamical network interactions not currently achievable in complex in vivo brain preparations. While in vivo measurements are the more direct approach to studying physiological dynamics, it is difficult to visualize individual neurons and record single unit electrical activity from in vivo threedimensional networks of neurons. Lastly, cultured networks preserve the essence of computational modeling as it has the ability to ask basic questions on a reduced system while preserving features of an in vivo model as it uses real neurons with their rich connectivity and complex patterns of activity.
We use an array of extracellular electrodes, a multi-electrode array (MEA), to record spontaneous electrical activity when these networks of hippocampal neurons have been pharmacologically perturbed. MEAs have been widely used to characterize dynamical activity from in vitro networks of neurons [20] [21] [22] [23] [24] . In addition, MEA studies that implement electrical stimulation protocols on in vitro networks of either hippocampal or cortical neurons have been established demonstrating precedence for an in vitro learning paradigm [25] [26] [27] [28] [29] . Lastly, an important temporal pattern found within developing in vivo circuits is the widespread prevalence of bursting activity [30] [31] [32] . Bursts are important during development as they facilitate normal functioning in developing neurons that in turn helps to create viable connections. We use young networks of cultured hippocampal neurons to study how a chemical LTP paradigm modulates network activity. We study network interactions at a time when the dynamics display a rich mix of vigorous bursting and spiking activity suggesting that these early periods are when the competition between spikes and bursts is at maximal levels. In our experiments, we show that network-wide firing rates increase but the variability in firing decreases. In addition, we show that the bursting frequency dramatically increases after chemical LTP. We suggest that the competition between synaptic inputs into the neurons, stimulated by the increased potentiation, results in the restructuring of the bursts as they form tightly compacted, short duration episodes, which may be indicative of improved facilitation of information transmission within the neural circuit.
II.MATERIALS AND METHODS

A. Cell Cultures
All experimental procedures were carried out in accordance with the Georgetown University Animal Care and Use Committee (GUACUC). Hippocampal tissue was extracted from embryonic day 18 Sprague-Dawley rats using a protocol modified from [33] . Briefly, the neural tissue was finely chopped and digested with 0.1% trypsin followed by mechanical trituration. Upon reaching a single cell suspension, 200,000 cells were added to multi-electrode arrays (MEA, Multi Channel Systems MCS GmbH, Reutlingen, Germany) that were previously treated with poly-d-lysine and laminin (Sigma, St. Louis, MO) resulting in an approximate density of 600 cells/mm 2 . Cultures were maintained in Neuralbasal A medium with B27 (Invitrogen, Carlsbad, CA) with biweekly changes and kept in a humidified 5% CO 2 and 95% O 2 incubator at 37 o C.
B. Electrophysiological recordings
We recorded all spontaneous electrical activity using a multi-electrode array. This MEA is composed of 59 titanium nitride electrodes, one reference electrode and four auxiliary analog channels each of which is 30 µm in diameter, arranged on an 8x8
square array. The inter-electrode spacing is 200 µm. Upon plating, the cells in suspension adhere to the silicon nitride substrate of the MEA and after seven days spontaneous electrical activity is detectable. We use the MEA1060 preamplifier and sample electrical activity at a 10kHz acquisition rate in order to allow the detection of multi-unit spikes. The data was digitized and stored on a Dell personal computer (Round Rock, TX). Possible exposure to contaminants and fluctuations in osmolality and pH were significantly reduced during the data acquisition period by the use of an MEA cover made of a hydrophobic membrane [34] . This membrane provides a tight seal, is semi-permeable to CO 2 and O 2 and is largely impermeable to water vapor.
Experiments from at least three MEAs for each condition, including controls, were performed on a heated stage at 37 o C for at least 45 minutes at 14 days in vitro (14DIV), a time point during development in which the network displayed vigorous spontaneous electrical activity and for which network connectivity is well-established [35] . To ensure reproducibility of results across animals, all reported experimental groups were comprised of multiple cultures derived from multiple experimental preparations. Results obtained from cultures within and across different preparations were not significantly different.
C. Pharmacological Induction of LTP
We used the pharmacological agents forskolin (50µM) and rolipram (100nM) 
D. Data Analysis
We removed low frequency components by high-pass filtering all traces at 200
Hz. Extracellularly recorded spikes, i.e., downward voltage deflections from baseline, were detected using a threshold algorithm from Offline Sorter (Plexon Inc., Dallas TX), which was calculated as a multiple of the standard deviation (-5σ) of the biological noise. We made no attempt to discriminate and sort spikes by electrode since the shape of a spike changes significantly during a burst due to changes in membrane excitability.
In addition, for this study we concentrate on network activity and the signal from each electrode suitably reflects these dynamics.
We used proprietary software written in MATLAB (The MathWorks, Natick, MA)
to analyze dynamical activity in the cultured hippocampal networks. To investigate changes in overall network activity, we calculated the average firing rate, FR, over a binned (10-second binsize), five-minute window for each electrode within an MEA.
Values are reported as averages ±SEM. We then calculated the ratio of firing rates after treatment with respect to baseline for both the chemical LTP experiments and the vehicle. Next, to obtain a measure of spike rate regularity, we calculated the Fano factor defined as the following [36] :
This is a measure of the dispersion or uniformity of firing rates over a given time window for each electrode. We took a five-minute segment from each electrode within each MEA and partitioned the spikes into 10-second bins. We calculated the Fano factor on these spike-count histograms as well as the average Fano factor for each MEA. When the Fano factor is equal to unity, the electrodes exhibit dynamics of Poisson processes.
A Fano factor between 0 and 1 is under-dispersed and suggests that the distribution has a more regular firing pattern than that of a Poisson distribution. If the Fano factor is greater than 1, the distribution is over-dispersed and indicates large fluctuations of spiking activity throughout the distribution. In general, therefore, if there is a decrease in the Fano factor this indicates a decrease in the variability of spiking throughout a given system.
Next, we investigated changes in a common temporal feature found in cultured networks, the burst, as it represents a collective network response. In our experiments, we analyzed bursts from each individual electrode. After the spike detection process described above each electrode has a resulting spike train, τ st (t), expressed as:
where N is defined to be the total number of spikes, is the time of the nth spike and is a delta function that indicates a spike taking place at time . The inter-spike interval between spike n and spike n-1 (n >1) is:
For both the control and chemical LTP experiments, we define a burst from each electrode to consist of no less than four spikes with a maximum inter-spike interval (ISI) of 100 ms. Log histograms of the ISIs indicated that this corresponded to the cutoff of the first peak ( fig. 2 ) in both conditions. Lastly, the burst durations, Δ i , are defined to be: The profile of the time evolution of spiking activity in fig. 3 suggests that there is a change in the variability of spiking activity after chemical LTP. The increase in the firing rate and the increased regularity of firing led us to ask how the chemical LTP treatment affected bursts, a subset of network activity. The burst, which is a tight barrage of spikes, is a dominant temporal motif in cultured networks, it is present in developing in vivo systems, and is believed to represent coordinated activity from neural assemblies (30, 31) . It has been suggested that a burst may be more efficient to propagate information leaving a diminished role in information transmission for individual spikes [37] [38] [39] . If the bursts were positively impacted by the chemical LTP treatment, this would contribute to the increase in network regularity as seen in the reduction of the Fano factor. A) The bursting activity significantly increases (one-way ANOVA, p=0.0003) after the application of chemical LTP, contributing to the overall increase in network firing rates as seen in fig. 2 . B) The durations of the bursts decreases after chemical LTP (oneway ANOVA, p=0.0004).
FIG. 7 Fraction of spikes not in bursts.
Chemical LTP dramatically reduces the fraction of spikes that are not participating in bursts whereas the fraction of "extra burst" spikes is nearly unchanged in the vehicle experiments.
IV. DISCUSSION
In these studies, we perform a global, biological manipulation that is believed to preferentially target a subset of structures residing on a small spatial scale -the neural synapse. We investigate the resulting dynamical effects on a large spatial scale -the network of cultured hippocampal neurons. The synapse was treated with a pharmacological paradigm of LTP and quantified changes in spiking activity reflect the response from the network.
Our results strongly indicate that these synaptic perturbations can account for the observed modifications in network function or output. We suggest there may be two phenomena that could explain these changes. After the chemical LTP treatment, the network transitions into a new state of activity. There is a dramatic increase in overall network activity, as seen in the network firing rates. This is due to the increase in potentiation of a large fraction of neurons. In addition, there is a reduction in the Fano factor after chemical LTP. This reduction in the Fano factor implies that the variability in firing rates from the electrodes is reduced. The firing pattern becomes relatively constant with no large fluctuations of high activity. Regulation of neural activity must be preserved to prevent extremes in neural output -either hyperexcitability, which can lead to neurotoxic or neuropathological conditions, or insufficient excitation, which can cause the neuron to cease firing altogether. These regulatory mechanisms on the cellular level must also propagate to the network level in the form of circuit-stabilizing mechanisms and it has been suggested that appropriately modulated activity within a neural circuit could be maintained via the modulation of firing rates [40, 41] . There may be a tuning range of firing rates over which the neural circuit operates most effectively. Our results suggest that the process of chemical LTP may facilitate the reduced variability of firing rates.
All of the firing rates from the electrodes increased dramatically after the chemical LTP treatment. However, the relative increase was not uniform across all electrodes and may be indicative of the different developmental stages of the neurons.
There is a small fraction of electrodes whose firing rates increased at least eight-fold after treatment and this is emphasized by the log scale presentation of electrode spike counts. As previously stated, we did not spike sort the data from these experiments.
With our relatively low plating density, we rarely saw more than one unit per electrode (analysis not shown). We therefore introduce a possible scenario with the understanding that targeted, biochemical assays are necessary to confirm our hypothesis. Chemical LTP modulates the neuron via other mechanisms and it would be its integrated effect that produces an increase in network-wide spiking activity. We focus, in this case, on one of these mechanisms and suggest that some of the neurons with this large firing rate increase are glutamatergic, i.e., excitatory, neurons with immature spines that responded with a vigorous spine expansion under chemical LTP induction. The spine expansion caused the firing rates of those cells to "catch up" to those of glutamatergic neurons with presumably more developed spines. This brought the previously immature cells within the range of the firing rates of the rest of the network. As a result, it appears from the dynamics within the network that all of the neurons, regardless of their initial developmental phase, had similar firing rates after treatment. Therefore, a striking network dynamical effect has materialized after chemical LTP in the reduced spiking variability. This is reflected in the Fano factor and may possibly allow the network to achieve a more regulated state of activity.
Bursting activity in the network also displayed dramatic changes after chemical LTP. There is an increase in burst frequency, and the individual bursts are of a shorter duration. In addition, there was a large reduction in the fraction of spikes that are not participating in bursts after treatment of the chemical LTP protocol. It has been speculated that bursts may be more efficient at information processing within a neural circuit [37] [38] [39] . Additionally, a competition between synaptic inputs into a neuron may create a competition between spikes and bursts from a neuron or an assembly of interconnected neurons in order to optimize signal propagation [42] . The large increase in the inter-spike interval histogram combined with the reduction of the number of spikes that do not participate in bursts suggest that the previously "errant" spikes were either recruited into existing bursts or, more likely, created new bursts with a shortened duration. In addition, the reduction in the Fano factor, implying a more "regular" network temporal structure supports this hypothesis. These combined results suggest that induction of chemical LTP evokes a restructuring of the burst profile and facilitates the generation of more efficient, but tightly compacted functional clusters of spikes in the network.
V. CONCLUSIONS
In conclusion, we show that a chemical LTP paradigm stimulates specific changes in network activity from cultured hippocampal neurons as assessed through the use of multi-electrode arrays. This demonstrates that the MEA system is a valuable tool for assessing large spatial scale network effects due to specific molecular changes in synaptic organization, a small spatial scale. An applied stimulus to a neural system will influence its output, the spike. We asked the question, "How do perturbations within the local environment where the synapse forms and stabilizes mediate global network dynamics?" Monitoring the changes in spiking dynamics on the network level can uncover intriguing dynamical mechanisms that can provide necessary direction to designing studies to elucidate mechanisms on the molecular level.
